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ABSTRACT

Tributyltin (TBT) and its degradation products dibutyltin (DBT)
and monobutyltin (MBT) have been quantitatively analyzed in
environmental water samples using gas chromatography with flame
photometric detection and gas chromatography/mass spectrometry
(GC/MS). The butyltins were extracted from environmental samples with
hexane/0.2% tropolone and derivatized with hexyl magnesium bromide to
form hexylbutyltins. Full scanning GC/MS was used for confirmation of
peak identifications and quantification was done by selective ion
monitoring (methane chemical ionization) at m/z 319 (TBT) and m/z 347
(DBT, MBT and tripentyltin, the internal standard). Calibration
curves were linear and detection limits were less than 2 ngL . GC/MS
and GC with flame photometric detection were compared as
quantification methods and were shown to give similar results at the
low ngL
levels.
Water samples from Southern Chesapeake Bay were analyzed for TBT
in areas of high boating activity. Several sites around a marina were
sampled at repeated intervals. High spatial and temporal variability
was noted. Reproducible concentration gradients were apparent, with
the highest TBT levels near marinas and boatyards.
Equilibrium sorption of TBT was measured on selected estuarine
and freshwater sediments. Isotherms from twenty-four hour sorption
and desorption equilibrations vjere linear with sorption coefficients
between 1.1 x 10 and 8.2 x 10 Lkg . Sorption coefficients
decreased with increasing salinity and varied by a factor of two over
the salinity range 0-34 /oo. Desorption kinetics were measured and
indicated an initial fast rate followed by a slower rate. Water and
sediment concentrations for TBT at locations in the Chesapeake Bay
system were used to calculate apparent sorption coefficients that
generally agreed with laboratory measured sorption coefficients.
Exceptionally high apparent sorption coefficients were found near
areas of high vessel activity and may be the result of TBT paint chips
in the sediment.
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CHAPTER I
GENERAL INTRODUCTION

Tributyltin (TBT) has been recognized for biocidal activity and
is manufactured for use in disinfectants, fungicides, wood
preservatives and antifouling paints(Evans and

Karpel, 1985).

The

annual use of TBT for antifouling paints in the United States is
estimated at 250,000 to 300,000 pounds (Champ and Pugh, 1987).

TBT

antifoulants have been shown to be longer lasting and more cost
effective than cuprous oxide based antifoulants (U.S. NAVY Information
paper, 1983, Ludgate, 1987).

Use of TBT based paints has increased

steadily since their introduction in the mid to late 1960's, and they
now comprise more than 50 percent of the annual total market for
antifoulants in the US (Ludgate, 1987).
TBT based antifoulants maintain their activity by releasing the
toxicant at the coating-water interface, where it inhibits the
attachment of fouling biota.

This dissolved TBT toxicant enters the

surrounding waters where it can reach concentrations that may be
harmful to non-target marine organisms.

Laboratory studies have shown

that TBT is extremely toxic, with acute toxic concentrations below a
part per billion (pgL *) for some marine invertebrates (Beaumont et
al. 1984, Laughlin et al. 1984).

Physiological changes in some marine

molluscs have been attributed to TBT at much lower concentrations that
approach a part per trillion (ngL x) (Gibbs and Bryan, 1987).
2
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The potential for environmental damage from TBT to estuaries with
high boating activity such as portions of the Chesapeake Bay system
initiated this research.
1)

The major objectives of this study were:

To develop an analytical method which would allow the
speciation and quantification of butyltin compounds in
environmental water samples at low nanogram per liter
concentrations.

2)

To use this method to determine whether TBT antifoulants in
Chesapeake Bay have produced elevated TBT concentrations.

3)

To investigate the sorptive behavior of TBT on Chesapeake Bay
sediments and how sorption may effect the fate and transport
of TBT in an estuary.

Since the initiation of this research, many efforts around the
world have been directed toward measuring TBT and the factors which
govern its fate and effects in the aquatic environment.

The

information published on TBT increased dramatically over the past
three years and was based on work concurrent with that reported here.
The following review describes current information in the literature
pertaining to the analysis of TBT and TBT sorption behavior.
Tributyltin (TBT) does not represent a single compound but is a
group of organometallic compounds described by the formula (C^Hg)gSnX.
X may be a halogen, OAC, OHjHjOSnCC^Hg)^, or can be a linkage of the
TBT moiety to an organic polymer.

The tributyltin compounds have

three normal butyl groups covalently bonded to a central tin atom in
the +4 valence state.

Substituents that are bonded in the fourth

position determine the particular tributyltin species.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TBT based antifoulant paints are made from a variety of TBT
species.

There are two main types of TBT antifouling paints:

association" paints and copolymer based paints.

"free

In free association

paint a species such as TBT fluoride is simply mixed into the paint
and is dispersed throughout the paint matrix.

TBT is released by

contact leaching with the water either by diffusion through the paint
matrix or by ablation of the paint surface.

In copolymer based

antifouling paints, the TBT moiety is covalently bonded to a polymer
framework which forms the paint matrix.

Tributyltin is released from

the polymer by a hydrolysis reaction rather than through a diffusion
mediated process.

Regardless of paint type, TBT is released into the

aquatic environment where it comes to equilibrium with anions in
solution to produce a variety of dissolved TBT species.

Little is

known about the nature of these dissolved TBT species or how they
change under the varying environmental conditions found in fresh,
oceanic and estuarine waters.
speciation of TBT by the
of synthetic seawater.

119

Laughlin et al. (1986) investigated the

Sn NMR examination of chloroform extracts

While this study showed the qualitative

presence of TBTC1, TBT oxide and TBT carbonate, it is likely that
quantification was not accurate due to equilibria shifts during the
extraction process.

These dissolved species probably have

considerable ionic properties and are dominated by TBTC1 at high
salinities.
Tributyltin in solution has been shown to degrade via
debutylation steps to dibuyltin (DBT), monobutyltin (MBT) and
eventually to inorganic tin.

Maguire et al. (1983) found this

stepwise degradation occurred in the photolytic decomposition of TBT

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

in distilled and Hamilton Harbor (Ontario, Canada) water.

The

observed half life of greater than 89 days for this process indicates
it is probably not significant in environmental degradation of TBT.
Faster biodegradation rates have since been measured (Lee et^ al.,
1987).

Several authors have reported on the biodegradation of TBT by

microorganisms (Barug 1981; Maguire et al. 1984; Seligman et al.,
1986; Olson and Brinkman 1986; Lee et al. 1987).

Degradation studies

carried out under simulated estuarine conditions have produced TBT
half lives for the water column ranging from 4 to 15 days (Seligman et
al., 1986; Lee et al. 1987).

Lee et al. (1987) has shown that certain

diatoms may be of particular importance by increasing degradation
rates of TBT under lighted conditions.

This study

documented the

formation of hydrcxybutyldibutyltin and proposed the formation of
butene during TBT degradation.

It is the first to suggest that marine

organisms may degrade TBT via hydroxylated intermediates (Lee et^ al.,
1987).
It is important in the analysis of TBT in water to speciate
between TBT and the various butyltins present after degradation.

TBT

has been quantified by using atomic adsorption to examine the total
tin content in organic extracts of water, sediment and tissue (Cleary
and Stebbing, 1985; Grovhoug et al., 1986; Burns et al., 1987).

Since

organic extracts will likely contain some DBT, MBT and other organic
complexed tin compounds, methods without an organotin speciation
technique do not accurately determine TBT concentrations.

Dooley &

Vafa (1986) have shown that atomic absorption analysis of total tin in
organic extracts of tissue may not give a good estimate of TBT
concentrations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Published methods to separate TBT from other organotins in
environmental samples, have utilized gas chromatography (GC) or a
temperature gradient desorption from a purge and trap apparatus.
Since both separation techniques require vaporization of the
butyltins, the compounds were derivatized either with sodium
borohydride to form volatile organotin hydrides or via Grignard
reaction to form volatile tetraalkylorganotins.

Once separated, the

compounds can be detected and quantified by atomic absorption
spectroscopy or gas chromatography with flame photometric or mass
spectrometric detection.

Table 1 lists many of the currently

published methods for the analysis of TBT at low concentrations in
water samples.

The various derivatization, separation and detection

techniques that are used in each method are also listed.
The methods listed have all been shown to speciate butyltins and
quantify concentrations in the nanograms per liter range.

The

advantages and disadvantages of the various methods of derivitazation
are discussed later under the section on Analytical Method
Development.

All the methods are labor intensive and require skill to

produce accurate and precise results.

Efforts have been made by some

researchers to automate or simplify certain extraction and analysis
procedures.

Clavell et al. (1986) developed an automated analyzer for

the monitoring of butyltins based on the atomic adsorption analysis of
hydride derivitized compounds.

This complicated instrument has

allowed the authors to detect the variation in TBT concentrations over
a tidal cycle but has proven to be unreliable under field conditions
(Personal Observation, Hampton Roads, 1986).

Recently Michel (1987)

presented a method which automates the laboratory analysis of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1.

Analytical Methods for the Analysis of TBT in Water

Method
Reference_______

Derivatization
Technique______

Butyltin Speciation
Technique_____

Detector Used
For Quantification

Meinema et_ al. 1978

Grignard (CH^MgBr)

gas chromatography

flame photometric

Hodge et^ al., 1979

Hydride (NaBH^)

purge/trap

atomic absorption

Maguire et al., 1981

Grignard (C^H^^MgBr)

gas chromatography

flame photometric

Muller, 1984, 1987

Grignard (C^H^MgBr)

gas chromatography

flame photometric

Mathias et^ al., 1986

Hydride (NaBH^)

gas chromatography

flame photometric

Randall et^ al., 1986

Hydride (NaBH^)

purge/trap

atomic absorption

Unger et^ al., 1986

Grignard (CfiH

gas chromatography

flame photometric

Valkirs £t^ al., 1986

Hydride (NaBH^)

purge/trap

atomic absorption

Greaves and Unger
(In Press)

Grignard (CgH^MgBr)

gas chromatography

mass spectrometry

MgBr)

butyltins by atomic absorption spectrophotometry and reports an
increase in time savings and reproducibility with the system over
manual analysis.
Some authors have tried a solid phase extraction in an effort to
reduce the time required by liquid/liquid or gas-liquid extraction of
butyltins from water.

Muller (1987) and Matthias (1987) have

described methods utilizing tropolone treated octadecyl (C—18) bonded
phase silica substrates, but Matthias found reduced extraction
efficiencies over liquid/liquid extraction.

Solid phase extraction

with C-18 bonded silica has also been incorporated into an automated
sampling device that can be moored for time integrated monitoring of
aquatic butyltin concentrations (Schatzburg et al., 1986).

Problems

with operation of this device under field conditions need to be
resolved before data obtained from this procedure can be considered
reliable.
Physiochemical parameters, and biodegradation rates determine the
fate and residence time of a pollutant (Maki et al. 1980; Stumm and
Morgan, 1981).

Recently Reuber et al. 1987 have stressed the

importance of sediment-water partitioning in determining the fate of
chemicals introduced to the environment.

Salizar (1986) has commented

on how the sorption process is instrumental in determining the
bioavailability of TBT to aquatic organisms.

While many authors agree

on the importance of the sorption process, little research has been
published describing the sorption behavior of TBT.
Some researchers have shown that TBT compounds readily sorb to
suspended particulate matter and sediments, (Dodey and Horner, 1983;
Maguire, 1984; Valkirs et al., 1986, 1987), but these studies have not
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investigated the sorptive behavior of TBT on sediments under various
estuarine conditions.

Randall and Weber (1986) studied the relative

sorptive behavior of butyltin compounds under simulated estuarine
conditions but used an artificial sorbent.

Harris and Cleary (1987)

recently presented work that addresses particle water partitioning and
organotin dispersal in an estuary and their experiments will be
commented on in detail in the sorption section of this work.
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CHAPTER II
ANALYTICAL METHOD DEVELOPMENT

Introduction
An extensive literature search and subsequent laboratory testing
of available TBT analysis methods determined that published methods
would not allow the determination of TBT and its degradation products
dibutyltin (DBT) and monobutyltin (MBT) at low ngL * concentrations in
water.

The work reported here was done to develop a new methodology

that satisfied the following objectives:
1)

To routinely quantify and speciate butyltins at ngL *
concentrations in water.

2)

To allow confirmation of compound identification by mass
spectrometry.

3)

To be adaptable, with small modifications, to analysis of
butyltins in sediment and tissue extracts.

Published methods for analyzing butyltins rely on derivatization
reactions to produce volatile products that are separated via gas
chromatography or thermal desorption (Table 1).
These methods can be separated into two classes based on whether
derivatization is by hydride formation yielding butyltin hydrides or
by Grignard reaction to form tetraalkyltin compounds.

This work

10
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involves optimizing the Grignard derivatization based analysis of
organotins.
The hydride derivatization method was investigated at this
laboratory and was found to produce organotin hydrides that were
thermally unstable during gas chromatography-mass spectrometry
(MacIntyre, personal communication).

The butyltin hydrides are also

subject to degradation over a period of hours to days at room
temperature so the hydride derivatization method was abandoned.
Maguire (1981), Meinema et al. (1978) and Muller (1984) have all
published procedures that use solvent extraction of butyltins followed
with derivatization by a Grignard reagent (RMgX), either CH^MgCl or
C^H^jMgCl.

The tetraalkylbutylins produced by these methods are less

volatile than organotin hydrides and are thermally stable enough to
allow mass spectral analysis.

Both CH^MgCl and C^Hj^MgCl

derivatization methods were examined as options.

Methyl derivatives

were too volatile, and losses occurred during the concentration steps
necessary for ultra trace analysis.

Pentyl derivatizations produced

less volatile compounds that concentrated and chromatographed well.
In order to quantify low concentrations of butyltins an internal
standard must be used.

Tri n-propyltin chloride and triphenyltin

chloride were tested and proved unsatisfactory due to volatility and
degradation problems respectively.

These problems led to the

synthesis of tripentyltin chloride (TPT), for use as an internal
standard.

This compound had a similar retention time to pentyl

derivatized inorganic tin (Sn+4) so the new derivatization agent, nhexyl magnesium bromide, was chosen.
derivatives of organotins of interest.

Figure 1 shows the hexyl
The resulting hexyl-organotins

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 1.

Organotins Formed by Derivatization with n-Hexyl
Magnesium Bromide, Grignard Reagent.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

n-HEXYL DERIVATIZATION OF ORGANOTINS

(n -B u ty l)_ S n

(n -H e x y l) (n -B u ty l)3 Sn

(n -B u ty l)2 Sn

2+

(n -B u ty l) Sn3+

IN O R G A N IC

(n -P e n ty l)3 Sn

T IN

(n -H e x y l )2 (n -B u ty l)2 Sn

\—

n -H e x y l Mg Br

(n .H e x y |) 3 (n -B u ty l) Sn

(n -H e x y l)4 Sn

(n -H e x y l) (n -P e n ty l)3 Sn

13
were quantified by either gas chromatography with flame photometric
detection or by gas chromatography-mass spectrometry with selective
ion monitoring.

For compound verification, GCMS was used in the full

scanning mode.

Materials and Methods
Extraction and Derivatization:
A flow chart of the extraction and derivatization procedure is
shown in Figure 2.

A two liter unfiltered water sample in a 4 L

separatory funnel is acidified to pH 2 with concentrated HC1 and
spiked with the Pe^SnCl internal standard in ethanol.

The sample is

extracted with three aliquots of 40 ml of 0.2% tropolone in n-hexane
and the combined extract is reduced to 10 ml by rotoevaporation at
40°C.

This extract is derivatized with excess n-hexyl magnesium

bromide (0.5 ml of 2.0 M, SCM) for 30 minutes in a 50 ml centrifuge
tube, which is agitated every 5 minutes.

The tube is then placed in

an ice bath and concentrated HC1 added until all precipitate
disappears.

The resulting aqueous layer is pipetted off and

discarded.

The organic phase is reduced to 1 ml under dry ^

and

transferred to a 22 mm i.d. chromatographic column containing 20 g of
Florisil activated at 150°C for 24 hrs (Fisher 100-200 mesh) with 2
g of anhydrous Na^SO^ added to the top.

The sample is eluted with 300

ml of hexane which is then rotoevaporated and reduced under dry Ng to
0.1 ml.
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Figure 2.

Flowchart of The Analytical Procedure for the
Determination of Butyltins in Environmental Samples.
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TWO LITER WATER SAMPLE

I

SPIKE WITH (n-Pentyl)3 Sn Cl (I.S.)
I
ACIDIFY TO pH 2
1
EXTRACT WITH 3 ALIQUOTS 40 ml
HEXANE 0.2% TROPOLONE
i
ROTOEVAPORATE TO 10 ml
I
DERIVATIZE WITH EXCESS n-Hexyl MgBr

ACIDIFY UNTIL PRECIPITATE DISSOLVES
1
DISCARD AQUEOUS LAYER

I

REDUCE TO 1 ml UNDER N 2

i
FLORISIL CLEANUP WITH HEXANE ELUENT

I

ROTOEVAPORATE AND REDUCE TO 0.1 ml

i

ANALYSIS BY GC/FPD OR G C /M S
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Preparation of Internal Standard
Pe^SnCl was synthesized via the comproportionation reaction
(Neuman, 1970) of tetrapentyltin (Pe^Sn) with tin chloride (SnCl^).
Pe^Sn was prepared by derivatization of SnCl^ (Aldrich Chemical Co.
99.999%) with n-pentyl magnesium bromide.

The n-pentyl Grignard

reagent was prepared using Mg chips (Aldrich Chemical Co. 99.98%) and
1-bromopentane (Aldrich Chemical Co. 99%).
illustrated in Figure 3.

These steps are

Synthesis of the internal standard was

started with a fixed amount of Pe^Sn in hexane under dry Ng with
incremental additions of SnCl^.

The reaction product was analyzed by

gas chromatography/flame photometric detection (GC/FPD) after each
addition, and the reaction was considered complete when Pe^Sn was no
longer detected.

The product was purified on activated Florisil

(Fisher 100-200 mesh) by first eluting any remaining Pe^Sn with hexane
and then the Pe^SnCl with MeOH.

The MeOH was then evaporated and the

purity of the resulting standard checked by GC/FPD, GC/FID and GC/MS.

Analysis by Gas Chromatography - Flame Photometric Detection
Samples were analyzed on a Varian model 3300 gas chromatograph
equipped with a dual flame photometric detector with >600 nm band pass
filter (Ditric Optics, Inc., Hudson, MA).

The column was a 20 m glass

capillary 0.32 mm i.d., coated with 1 p SE-52, immobilized with
dicumyl peroxide (Grob et al. 1982).

The injector and detector were

held at 275°C, and the column was temperature programmed from 45°C to
275°C at 10°C/min.

Carrier gas was helium at 4 ml/min, and hydrogen

and air flow rates were 138 ml/min and 250 ml/min, respectively, in
the detector.

Detector output was collected on a HP 3354B laboratory
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Figure 3.

Reactions Used for the Synthesis of Tripentyltin
Chloride, Internal Standard.
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SYNTHESIS OF TRIPENTYLTIN CHLORIDE

GRIGNARD PREPARATION
M g + (n -P e n ty l) Br

------------------ (n -P e n ty l) M gB r

TETRAPENTYLTIN PREPARATION
4 (n -P e n ty l) M g B r + SnCI4

------------------ ►-

Sn (n-Pentyl)4 + 4 C IM g B r

REPROPORTIONATION
4 Sn (n-P entyl)4 + SnCI4

------------------------ 4 (n -P e n ty l)3 SnCI

17
automation system.

Butyltin peak areas were integrated and then

quantified by:
butyltin concentration =

-------- x (concentration of
(internal standard peak area)
internal standard)

Analysis by Gas chromatography-Mass Spectrometry
GC-MS analyses were carried out on an Extrel model ELQ 400-2
quadrupole mass spectrometer (Extrel Corp., Pittsburgh, PA).

The GC

column was fused silica, 15 m long x 0.32 mm id, with DB-5 the liquid
phase (J and W Scientific, Inc., Folsom, CA).
was maintained at 280°C.

The Grob-type injector

The GC oven temperature was programmed at

75°C for 1 min after injection, followed by a 10°C/min ramp to 300°C.
The interface between the GC and the MS was held at 260°C.

The GC

column was run directly through the interface into the source block of
the MS.
psi.

Helium was used as the carrier gas at a head pressure of 10

Methane was used as the Cl reagent gas and was introduced

coaxially to the sample.

The reagent gas pressure was nominally 500

U but was adjusted daily, along with the source tuning parameters, to
obtain maximum sensitivity using the m/z 414 ion of
perfluorotributylamine.

The source temperature was 100°C, emission

current approximately 0.6mA, and ionization energy 300eV.

The maximum

multiplier voltage used was 2.4kV with the dynode set at 3kV.

For the

collection of mass spectra, the instrument was scanned between m/z 100
and m/z 500 at 200 amu/second.

For the assay work, selected ion

monitoring was used with TBT being recorded at m/z 319.
the internal standard were recorded at m/z 347.

DBT, MBT and

The dwell time on

each mass was 100 ms.
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Results and Discussion
Gas Chromatography Flame Photometric Detection:
A chromatogram showing separation and identification of the
internal standard, TBT, DBT and MBT hexyl derivatives is shown in
Figure 4.

Hexyl derivatives of methyltin, dimethyltin and

trimethyltin have been included, as have tetrabutyltin and
methyltributyltin, to demonstrate the separation of these compounds
and the applicability of the method for investigations of
biomethylation of tin in the environment.
chromatogram is derivatized inorganic tin.

The last peak on the
The need to determine the

importance of organotin biomethylation in areas of TBT usage has been
presented in detail by Brinckman (1981).

The chromatogram in Figure 4

shows that the method described here may be useful for the
simultaneous determination of methyl and butyl organotin compounds,
including biomethylation products, in water samples.
TBT was determined in a series of distilled water solutions
prepared by tributyltin chloride addition.

Recoveries, given in Table

2, indicate greater than 90% recovery over the concentration range 1280 ng/L.

Solutions of TBT, DBT and MBT were similarly prepared by the

addition of the compounds to unfiltered York River water.
these solutions yielded the results given in Table 3.
recovery for TBT was achieved.

Analysis of

Excellent

Lesser recoveries for DBT and MBT

likely reflect the relative difficulty of extracting these compounds
from water at such low concentrations.

These results indicate that

the method may be used in estuarine waters which contain TBT
concentrations less than 10 ng/L.
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Figure 4.

Flame Photometric Gas Chromatograph of n-Hexyl
Derivatives of Organotins.
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Table 2.

Recovery of TBT from a Series of Distilled Water
Samples (Concentrations as TBT+ ngL *), Internal
Std. = 61.3 ngL-1

Spiked sample
Concentration

Measured
Concentration

Relative
Recovery

84.8

82.3

97%

50.9

47.1

92%

34.0

34.7

102%

15.0

13.7

91%
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Table 3.

Recovery of Butyltin Species From Replicate Spiked Samples
of York River Water (concentrations of each species reported
as the cation ngL ^), Internal standard = 33.7 ngL

Spiked Concentration

Measured Concentration

TBT

7.9

7.4 + 0.66

DBT

8.2

4.6 + 0.61

MBT

12.6

4.0 + 0.51

Mean concentration

one standard deviation for 9 replicates.
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Mass Spectra for Compound Conformation;
Gas chromatography-mass spectrometry was used to confirm the
presence of aklytins detected by GC/FPD in standards and environmental
samples.

Chemical ionization was used rather than electron impact

because of the improved intensity.

Pseudo-molecular ions were not

obtained for any of the compounds analyzed, but one of the (M-alkyl)+
ions was always the base peak.

Chemical ionization has other

advantages over electron impact.

It is considerably easier to look

for diagnostic high mass ions using mass fragmentography in the search
for degradation products of TBT because the areas of interest are
likely to have fewer peaks than if electron ionization was used.
Mass spectra of the hexyl derivatives of TBT, DBT and MBT were
obtained using positive Cl with methane as the reagent gas on
environmentally contaminated water samples and are shown in Figure 5.
The spectra are the same as those obtained with authentic standards.
Each spectrum contains two clusters of ions corresponding to [Mbutyl]+ and [M-hexyl]+ fragments.

As previously mentioned no

protonated molecular ions were obtained for any of the alkyltins that
were analysed.

Changing the Cl reagent gas from methane to ammonia

did not result in the detection of molecular ions.

Negative Cl did

not provide useful spectra at the concentrations used.

The positive

Cl spectra show that there is a preferential loss of the heavier hexyl
group in the fragmentation process.

This is most clearly illustrated

in Figure 5(B) which gives the spectrum of the dihexyl derivative of
DBT, i.e. the compound has equal numbers of hexyl and butyl groups.
The spectrum has a base peak of m/z 319 which corresponds to a loss of
a hexyl group while the [M-butyl]+ ion is of approximately 60%
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Figure 5.

Mass Spectra of the n-Hexyl Derivatives of
Tributyltin (A), Dibutyltin (B), and Monobutyltin (C).
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intensity.

The spectra of all these compounds are characterized by

clusters of ions at each fragment.

These clusters represent

contributions to the fragments by the different isotopes of tin.

The

three major isotopes of tin have masses of 116 (14% frequency), 118
(24% frequency) and 120 (33% frequency).

In addition there are seven

other isotopes with up to 9% frequencies.

The pattern created by the

tin isotopes is particularly useful for recognition of any unknown
organotin compounds occurring in a sample, irrespective of the origin
of that sample.

The spectra obtained show little fragmentation and

are therefore suited for selected ion monitoring applications.

Selected Ion Monitoring for Quantification:
Selected ion monitoring was carried out at m/z 319 for TBT and at
m/z 347 for DBT, MBT and the internal standard.

The choice of ion to

be monitored for each compound was based both on high intensity of the
signal and absence of interferences at the appropriate retention
times.

The calibration curves obtained were linear with regression

coefficients > 0.99 in all cases.

The intercepts of the lines were

close to zero, indicating, as did the blank samples, that there were
no significant interferences present.

The results suggested that the

limit of quantification was in the 2-5 ngL * region.

This is

illustrated in Figure 6 which shows the results of the analysis of a
water sample spiked at the 2 ngL * level.

Each compound gives a

clearly distinguishable peak at this concentration and peaks of half
this size could probably be detected with some degree of reliability
based on a 3:1 signaltnoise ratio.

The mass spectrometer has a

detection limit for pure hexyltributyltin of 40 pg on column
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Figure 6.

Selected Ion Monitoring of n-Hexyl Deriv^tized
Butyltins (Water Sample Spiked at 2 ngL )
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(signal:noise ratio: 3:1).

Thus for the sample detection limits given

above the instrument sensitivity is not the limiting factor.
The reproducibility determination samples consisting of five
independently extracted replicates at the 20 ngL * concentration level
gave mean concentration values of 27 ngL * TBT, 19 ngL * DBT and 15
ngL * MBT.

The coefficients of variation about each of these values

were 15%, 32% and 24% respectively.

The 15% variation found for the

TBT was considered to be acceptable given the very low concentrations
involved.

The values of the coefficient of variation for DBT and MBT

were higher than for TBT.

This may again be attributable to the lower

extraction efficiencies of these compounds.
Gas chromatography-mass spectrometry of the internal standard,
tripentyltin chloride, as its hexyl derivative gave only one peak
indicating that there were no biproducts of synthesis or
derivatization which might interfere in the analysis of environmental
samples.

The mass spectrum of hexyltripentyltin shown in Figure 7 is

as expected, with the two major clusters of ions around m/z = 347 and
m/z = 333 corresponding to the loss of pentyl and hexyl groups,
respectively.

The mass spectrum shows clearly the tin isotope pattern

in the compound with three major ions in each fragment corresponding
to the major isotopes of tin.

Selected Ion Monitoring Comparison with GC-FPD:
Selected ion monitoring of a contaminated water sample from Sarah
Creek (Gloucester Point, Virginia) is shown in Figure 8.
concentrations of each compound are:
MBT 5 ngL

The

TBT 33 ngL *, DBT 13 ngL * and

Concentrations are expressed in terms of TBT, DBT and
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Figure 7.

Chemical Ionization Mass Spectra of Hexyltripentyltin.
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Figure 8.

Selected Ion Monitoring of Butyltin Contaminated Water
Sample from Sarah Creek, Gloucester Point, Virginia.
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MBT cations rather than in tin equivalents.

These concentrations are

typical of rivers and estuaries where there is small boat activity.
In order to compare results obtained by selected ion monitoring with
those obtained from a GC-FPD, six samples from Sarah Creek (Gloucester
Point, Virginia) were analyzed using both methods.
this experiment are shown in Table 4.

The results of

The two sets of data are very

similar, permitting increased confidence in both methodologies.

Analysis of Sediment and Tissue Extracts;
Rice et al. (1987) have adapted this technique to the analysis of
oyster tissue and sediment extracts.

To determine TBT concentration

in a 20 g tissue or sediment sample, the authors first dessicated the
sample with precipitated silica and anhydrous sodium sulfate.

The

sample is then frozen overnight and ground to a fine consistancy.

The

prepared sample is loaded into a glass extraction thimble and spiked
with the internal standard, tripentyltinchloride.

Tissue samples are

soxhlet extracted with n-hexane for 24 hours while sediment samples
require an additional 24 hours extraction for suitable recovery of
TBT.

The resulting extracts are reduced to 10 ml and processed as

described previously for water samples.

Using this method the authors

have reported greater than 85 percent recovery of TBT spikes from
oyster tissue and sediment samples.
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Table 4.

Comparison of Results Obtained by GC-MS and GC-FPD for
Environmental Water Samples.

Concentrations are in ngL

(N.D. = not detected).

Sample

Analyte

GCMS

GC-FPD

1

TBT

21

16

DBT

16

9

MBT

4

5

TBT

12

13

DBT

7

6

MBT

6

4

TBT

55

53

DBT

21

22

MBT

17

15

TBT

33

32

DBT

13

11

MBT

5

4

TBT

23

20

DBT

14

9

MBT

4

4

TBT

4

5

DBT

6

N.D

MBT

3

N.D

2

3

4

5

6
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CHAPTER III
TBT CONCENTRATIONS IN WATER SAMPLES
FROM SOUTHERN CHESAPEAKE BAY

Introduction
After a reliable method for the analysis of TBT in estuarine
water was established, a TBT monitoring program was undertaken at this
laboratory to measure TBT concentrations in areas of Chesapeake Bay
with high boating activity.

An initial study in the fall of 1985

showed appreciable concentration gradients with highest TBT values
near marinas and boatyards.

In the first part of 1986, this program

was expanded with an emphasis on determining the spatial and temporal
variations in aqueous TBT concentrations.
Occasional personnel constraints or equipment malfunctions can
require long storage of water samples or sample extracts.

Experiments

were conducted to determine the stability of TBT in stored water
samples and sample extracts.

From this study it was possible to

determine the limiting storage time before detrimental effects on
concentration reproducibility are detected.

Materials and Methods
Sampling Locations:
The Elizabeth River flows into Hampton Roads at the mouth of the
James River.

Its shoreline is highly industrialized, with numerous
31
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commercial shipping facilities, including shipyards.

In addition, it

is the site of the largest U.S. Navy port on the Atlantic coast.

In

September and November of 1985 and again in May of 1986, water samples
were collected at ten locations in the Elizabeth River (Figure 9).
Sarah Creek, a tributary to the York River, contains several
recreational marinas and boatyards as well as areas which are more
rural.

The Sarah Creek area was sampled in 1985 at eight locations

shown in Figure 10.

In 1986, four stations were selected to best

define the concentration gradient determined in the 1985 sampling and
are shown in Figure 11.

Station A is near the mouth of the creek and

is the site of a 288 slip marina.

Station B is approximately one

kilometer upstream and is a private berthing facility for a
condominium complex.

Station C is on a rural segment of the creek

with only occasional boat traffic.

A fourth station (D) was

established outside of Sarah Creek in the York River at the end of the
Virginia Institute of Marine Science pier.

Biweekly samples have been

collected on high slack tides at these stations beginning in January,
1986.
In May, 1986, five additional marinas, in other areas of southern
Chesapeake Bay, were sampled to determine whether the elevated
concentrations found in Sarah Creek were unique or common to all
marinas.

These five additional locations are listed in Table 5.

Sampling Procedure;
All water sampling was carefully executed to take subsurface
whole water samples which excluded the surface microlayer.

This

microlayer has been shown to contain elevated TBT concentrations with
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Figure 9.

September and November 1985 Water Sampling Locations
in the Elizabeth River, Norfolk, Virginia.
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Figure 10.

August 1985 Water Sampling Locations in Sarah Creek,
Gloucester Point, Virginia.
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Figure 11.

Water Sampling Locations in Sarah Creek, Gloucester
Point, Virginia After January 1986.
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Table 5.

Tributyltin in Unfiltered Water Collected on May 12, 1986
from Marinas in the Southern Chesapeake Bay (concentrations
as TBT+, nglT1)

Marina

Location

Bluewater Yacht Yard

Tributyltin

Sunset Creek, VA

53

Hampton Creek, VA

21
100

Harbor View Marina #1
Harbor View Marina if2

Warwick River, VA

10
16

Poquoson Marina if1
Poquoson Marina #2

Bennett Creek, VA

36
43

Wormley Creek, VA

23
14

Hampton Roads Marina
Hampton Roads Marina

Wormley Creek Marina
Wormley Creek Marina

#1
if2

if1
#2
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respect to underlaying waters (Gucinski, 1986; Cleary and Stebbing,
1987).
The sampling apparatus used here consisted of an aluminum frame
to which a 4 liter amber glass solvent bottle was attached.

The frame

was at the end of a 4 m length of 2.5 cm O.D. aluminum pipe.

A teflon

conical plug, which fits the bottle opening, was attached to a 0.5 cm
aluminum rod.

This rod was guided by screw eyes attached to the pipe

so that the plug could be inserted or removed from the bottle by
raising or lowering the rod.

Surface water samples were collected

from a depth of approximately 15 cm below the surface using this
apparatus.
inserted.

The bottle was lowered below the surface with the plug
At the prescribed depth the plug was removed and the bottle

was allowed to fill.

After plugging the bottle, it was retrieved and

the contents discarded as a rinse.
collection of a sample.

The procedure was repeated for the

After collection, samples were acidified to

pH 2 with HC1 and stored in the dark at 5°C until analysis.

Sample Stability Experiments:
Replicate portions of a homogeneous water sample were extracted
and analyzed at intervals over a 13 week period to determine the
stability of acidified whole water samples.

Six water samples

collected from Sarah Creek were mixed by pouring from one bottle to
another in an attempt to create one homogeneous water sample in six
containers.

The mixed water samples were acidified with concentrated

hydrochloric acid to below pH 2 and five bottles were stored in the
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dark at 5°C for up to thirteen weeks.

Water from the sixth bottle

(sample 0) was extracted and analyzed immediately.
To determine the stability of refrigerated, derivatized sample
extracts, three sample extracts were repeatedly analyzed over a ten
week period.

The extracts were chosen to represent typical sample

concentrations of approximately 10, 20 and 50 ngL * as TBT.

Analytical Procedure:
The procedure used to quantify organotins was described in detail
earlier.

For routine monitoring of TBT concentrations, gas-

chromatography with flame photometric detection was used for
quantification.

Selected samples were chosen for mass spectral

confirmation of butyltin identifications.

Results and Discussion
Table 6 shows the results of the August 1985 sampling of Sarah
Creek.

Elevated TBT concentrations are seen at location 1, 2 and 3

which are near marina operations.

The results of the Sarah Creek

monitoring that began in January of 1986 are given in Table 7.
Station A shows the highest heterogeneity with concentrations
varying as much as a factor of ten within the same week.

As noted

previously, all the samples were collected on high slack tides.
Station B appears much more stable in TBT concentration but is still
subject to spikes.

The difference in the variability may be due to

station A being near the mouth of the estuary, where there is a tidal
influx of "clean" York River water into Sarah Creek that
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Table 6.

Butyltins in Unfiltered Water from Sarah Creek Sampled
on 8/25/1985 (concentrations as cations, ngL *).

Sarah Creek
Location

TBT

DBT

MBT

1

60

82

8.5

2

52

92

23

3

180

171

30

4

10

26

<3

5

5.2

11

<3

6

5.5

9.7

<3

7

<3

4.1

<3

8

7.7

18

<3
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Table 7.

Tributyltin in Unfiltered Water from Sarah Creek
Sampled in 1986 (concentrations as TBT+ , ngL *)

Date
1/13/1986
1/16/1986
1/20/1986
1/24/1986
1/27/1986
1/30/1986
2/3/1986
2/6/1986
2/10/1986
2/13/1986
2/17/1986
2/21/1986
2/24/1986
2/27/1986
3/3/1986
3/7/1986
3/11/1986
3/13/1986
3/17/1986
3/20/1986
3/24/1986
3/27/1986
3/31/1986
4/3/1986
4/8/1986
4/10/1986
4/14/1986
4/17/1986
4/22/1986
4/24/1986
4/28/1986
5/1/1986
5/6/1986
5/9/1986
5/13/1986

A

B

15
27
39
5
22
11
47
5
16
7
9
10
9
5
23
13
23
6
14
13
6
28
32
11
11
6
9
22
16
14
26
26
22
7
11

14
66
23
18
16
15
14
12
9
12
13
17
20
9
10
17
17
14
13
20
16
17
18
22
18
15
19
20
18
20
19
14
98
22
23

C
—

D
____

—

—

7
9
10
7
5
9
8
6
5
7
8
7
6
7
9
8
7
7
8
10
15
11
9
10
9
20
10
13
9
7
7
7
12

N.D.*
2
2
1
2
1
1
N.D.
3
N.D.
2
N.D.
1
N.D.
1
N.D.
2
N.D.
2
2
4
1
2
3
2
2
N.D.
8
2
3
2
N.D.
N.D.

*N.D. = less than 1 ngL *
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intermittently dilutes the TBT concentration at A more than at
stations upstream.
Station C is from a relatively rural part of Sarah Creek and the
low TBT concentrations found

reflect this. Still lower concentrations

were found at station D in the York River.
Some microbes can degrade TBT to dibutyltin and eventually to
monobutyltin (Barug, 1981; Maguire et al., 1984; Seligman et al. 1986;
Olson and Brinkman, 1986; Lee et al., 1987).

One would therefore

expect the ratio of dibutyltin to tributyltin to increase as water
temperatures rise, since microbial activities are usually reduced by
low temperatures.

Figure 12 shows such a trend for samples collected

at station B in Sarah Creek.
pronounced.

This may be due

The trend at station A is not so
to a changinginput of TBT from the

relatively numerous vessels at the marina, or to the more rapid tidal
flushing of this area, which removes organotins before much microbial
degradation occurs.
Data from five other marinas in southern Chesapeake Bay are given
in Table 5, and show that elevated TBT concentrations are not unique
to the Sarah Creek marinas.

Sequential samples (#1 and #2) collected

within a short time period of one another at the same location may
vary in concentrations by up to a factor of five.

This may be taken

as a measure of local heterogeneity in TBT concentrations.
Samples from the Elizabeth River show an increase in TBT
concentrations in the upstream direction (Table 8 and Figure 13).
Highest levels occurred in samples collected nearest two shipyards,
one US Navy and one commercial.

Samples collected in September, 1985

were two to three times higher in TBT than those collected at later
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Figure 12.

Change in Ratio of Dibutyltin to Tributyltin and
Temperature Over Time at Station B, Sarah Creek.
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Table 8.

Concentrations of Butyltins (cations ngL ^ in Unfiltered
Water Samples from the Elizabeth River.

Elizabeth River
Location

Sample Date
9-16- 1985

Sample Date
11-25- 1985

TBT

DBT

TBT

DBT

1

55

77

22

7.7

2

71

59

27

9.0

3

44

64

19

8.4

4

24

66

19

6.9

5

13

54

8.7

4.1

6

8.2

46

6.8

2.5

7

6.6

33

7.1

2.5

8

6.8

41

6.0

2.5

9

5.2

41

10

14

51
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Figure 13.

Tributyltin Concentrations in the Elizabeth River,
Norfolk, Virginia.
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times.

This may be explained by the presence in September of a newly

painted tour ship at the commercial shipyard and an aircraft carrier
with TBT antifouling paint berthed at the Naval yard.

At later

sampling times these vessels were not present, but the concentration
trends were similar during all samplings.

This suggests that TBT

contaminated bottom sediments and/or chronic TBT inputs from the
shipyards may be responsible for part of the organotin load in the
Elizabeth River water.
Data reported here suggest that in areas of high boat densities,
instantaneous spacial differences of more than a factor of two may be
expected; while temporal differences at a fixed location of an order
of magnitude may be observed over a three to four day period.

Such

variabilities must be given serious consideration when designing
sampling regimes or interpreting results from TBT monitoring programs.
The results from the sample water stability experiments are
presented in Table 9.

The data derived from analyses of stored water

samples show remarkable stability of the TBT at low ngL * levels.

No

degradation or loss is apparent over a 13 week period which implies
that samples may be stored for up to 3 months under these conditions.
The data also show that extracted and derivatized TBT is stable
over a ten week period when stored in the dark at 5°C.

The relative

standard deviation of the analyses over time is approximately that of
replicate analyses performed on the same day indicating no loss of the
analyte.
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Table 9.

Tributyltin Stability in Stored Water and Extracts (concentrations as TBT
in ngL 1)

Sample

_0

Stored water

16

Extract 1

10

13
13
9.3

_2

_3

Weeks
_4

18

17

18

8.6

10 *

9.5

10

9.0

8.5

9.3
Extract 2

22

21

19

20

9.5
9.0

13

x+sd

16

17 x 2

9.5 x0.4

20+1

20

20
18
20

19
Extract 3

47

46

47

44

45

45

49
46

46
46

48+1

-p-

O'

Chapter IV
SORPTION BEHAVIOR OF TBT ON ESTUARINE
AND FRESHWATER SEDIMENTS

Introduction
Determination of the sorption behavior of tributyltin (TBT) is
necessary to understanding its fate in the estuarine environment.
Reuber et al. (1987) have stressed that there is little information on
the equilibrium or kinetic behavior of environmental contaminants
undergoing sediment-water transfer processes.

Salizar (1986) has

noted that the sorption behavior of TBT is important in determining
the bioavailability of TBT to aquatic organisms.

The work presented

here investigates the equilibrium and kinetic behavior of TBT in
water-natural sediment systems.
Several researchers have shown that tributyltin compounds sorb
to suspended particulate matter and sediment (Dooley and Homer, 1983;
Maguire et al. 1985; Valkirs et al., 1986), but few have investigated
the sorptive behavior of TBT under estuarine conditions.

Randall and

Weber (1986) studied the relative sorptive behavior of butyltin
compounds under simulated estuarine conditions on an artificial
sorbent, fulvic acid coated hydrous iron oxide.

Harris and Cleary

(1987) presented data on the effect of salinity on the sorption of TBT
on Crouch and Tamar estuarine sediments but did not report equilibrium
isotherms for TBT on these sediments.

Stang and Seligman (1987)

47
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measured in situ sorption and desorption of TBT from Pearl Harbor,
Hawaii sediment but reported no significant exchange rates under
environmental conditions, which were apparently near equilibrium.
In the present work, sorption of TBT in aqueous solution on
natural sediments was measured under various •estuarine salinity
conditions.

The influence of salinity and sediment type was

investigated to establish sorption coefficients that may be used in
the prediction of the transport or bioavailability of TBT in a coastal
plain estuary.

Water and sediment TBT concentration pairs at

locations in the Chesapeake Bay region were used to calculate apparent
sorption coefficients that were compared to equilibrium sorption
coefficents measured in the laboratory.

Tributyltin desorption

isotherms were measured to determine whether estuarine sediments are
acting as permanent sinks for TBT or whether TBT associated with
sediment is released to overlying waters.

Kinetics of desorption from

sediment were investigated to determine how quickly equilibrium
concentrations were reached under experimental conditions used for
isotherm determinations.

These rate measurements were also used to

compare the kinetic behavior of TBT with published data for metal and
non-polar organic sorbates.
Equilibrium sorption measurements were made by the batch
isotherm technique.

Solutions were analyzed for tributyltin and its

degradation products, dibutyltin and monobutyltin, to assure that
degradation did not occur during the experiments.
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Materials and Methods
Sediments were collected by Ponar surface grab.

The top 2 cm

were removed and stored in the dark at 4°C in solvent rinsed glass
jars until used for equilibration experiments.
locations and properties are given in Table 10.

Sediment sampling
Belle Glade soil was

collected with a shovel and stored frozen in the dark until use.
Morris Creek sediment is detritus-rich and fine grained.

This

creek is a pristine freshwater tributary of the Chickahominy River
which flows into the James River.

The silty Carter Creek sediment is

from a tributary of the York River, and is typical of sediment in
tidal creeks along the Chesapeake Bay.

The coarse sandy Indian Field

Creek sediment is from the mouth of a tidal creek flowing into the
York River.

Tidal flushing at this location has removed much of the

finer grained material.

The Chesapeake Bay mouth composite sample is

of sandy sediment common in the open bay.

The soil collected at Belle

Glade, Florida is a high organic type that resembles peat.
Total organic carbon content of sediments was determined by a
dry combustion method described by Stauffer (1987).

Butyltin analyses

of supernatants were conducted by the technique described earlier,
which allows speciation and quantification of the butyltins by gas
chromatography with flame photometric detection.

The method was

modified slightly to adjust for the smaller volumes of water analyzed
during these experiments (Figure 14).
Sediment, TBT and water equilibrations were done in deionized
water adjusted to ambient salinities with artificial seawater mix
(Aquarium Systems, Mentor, OH).

Spiked tributyltin solutions were

prepared with tri-n-butyltin chloride from Aldrich Chemical
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Table 10.

Sampling Locations and Properties of Sediments Used in Sorption Experiments.

Longitude
Latitude
Clay
Organic Carbon
Ambient Salinity
___________________________%____________ %________________ (°/oo)
Morris Creek

76°54.0'

37°17.9*

58.4

4.2

0

Carter Creek

76°34.5’

37°19.5'

47.7

2.9

24

Indian Field Creek

76°33.5'

37°16.1'

17.9

0.34

24

Chesapeake Bay Mouth

76°01.5'

36°56.7'

26.4

0.90

35

Belle Glade

80° 38.5'

26°46.0'

37.6

19.8

0

Ln

O
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Figure 14.

Flowchart of the Analytical Procedure for the
Determination of Butyltins in the Supernatants from
Sorption Experiments.
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WATER SAMPLE PROCEDURE

20 MILLILITERS WATER SAMPLE

1
SPIKE WITH (n-Pentyl)3 Sn Cl (I.S.)

I
ACIDIFY TO pH 2

i
EXTRACT WITH 3 ALIQUOTS 3.3 ml HEXANE

1
DERIVATIZE WITH EXCESS n-Hexyl MgBr

1
ACIDIFY UNTIL PRECIPITATE DISSOLVES

I
DISCARD AQUEOUS LAYER

1
REDUCE TO 1 ml UNDER N2

I
I
I

FLORISIL CLEANUP WITH HEXANE ELUENT

ROTOEVAPORATE AND REDUCE TO 0.1 ml

ANALYSIS BY GC/FPD OR GC/MS
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(Milwaukee, WI) and were determined to be greater than 95% pure by gas
chromatography.

Solvents used were HPLC grade (Burdick and Jackson,

Muskegon, Ml).
The batch isotherm technique used was the solution concentration
difference method described by MacIntyre and deFur (1985).

Sediment

and tributyltin solutions were placed in 30 ml Corex® centrifuge tubes
and closed with teflon lined screw caps.

The tubes were shaken

vigorously for twenty-four hours on a Burrell® wrist-action shaker arm
inside an incubator at 20.0° + 0.5°C.

Dooley and Homer (1983) have

shown that butyltins rapidly sorb to sediment from aqueous solution so
a 24 hour equilibration period was considered sufficient.
later verified by desorption kinetics measurements.

This was

The equilibration

temperature was chosen for similarity to average estuarine temperature
in the region.
For each isotherm experiment, five different weighed amounts of
sorbent were used, and the initial TBT concentrations were kept
constant.

The range of sediment weights were adjusted for each

sorbent to give equilibrium water concentrations that could be
accurately determined.

Sediment weights were varied from

approximately 0.1 g to 1.0 g dry weight.

It was difficult to obtain

homogeneous subsamples of the sediments at weights less than 0.1 g.
Water to sediment weight ratios were approximately 3 to 30 parts per
thousand.

High sediment concentrations were chosen to represent the

interaction of TBT in the water column with the sediment-interstitial
water compartment in estuaries.
A sixth tube without sediment was run with each isotherm
experiment to permit correction for sorption of tributyltin to the
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tube walls.

After the twenty-four hour equilibration, the tubes were

centrifuged for thirty minutes at 10,000 RCF in a Sorvall®
refrigerated centrifuge held at 20°C.

Twenty ml of the supernate were

removed and analyzed for TBT and its degradation products.

Aqueous

equilibrium concentrations of TBT were calculated and sorbed
concentrations were found by difference relative to TBT available
(tube 6).

To produce a desorption isotherm, tubes containing TBT,

water and sediment at apparent equilibrium were refilled with unspiked
water after decanting the supernate.

Agitation, centrifugation and

analysis steps were then repeated to obtain isotherm data points.
Equilibrium concentration data were fitted by linear least
squares to:
- = KC
m
where X is the amount of TBT sorbed in micrograms; m- is the mass of
sediment in grams; C is the aqueous equilibrium concentration of TBT
in milligrams/liter; K is the sorption coefficient in liters/kilogram.
Salinity effect and desorption kinetics experiments were
conducted under similar conditions to the equilibrium isotherm
experiments.

In these experiments, equal weights of sediment

(approximately 0.5 g) were used in all centrifuge tubes.

Sorbents

were equilibrated for twenty-four hours with TBT solutions that were
adjusted to various salinities that spanned estuarine conditions.
Equilibrium aqueous TBT concentrations were used to calculate a single
point sorption coefficient for each tube.

The salinity in each tube

was confirmed by measurements of refraction index.
Desorption kinetics for TBT from Morris Creek and Carter Creek
sediments, were determined.

Sorbents were first equilibrated with TBT
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solutions for twenty-four hours.

The tubes were then centrifuged and

the resulting supernate analyzed to establish an equilibrium aqueous
TBT concentrations.

The supernates were decanted, sorbents were

resuspended in TBT free water, and the tubes were shaken for fixed
time intervals of up to eight hours.

Tubes were then centrifuged

immediately, and the resulting supernates analyzed for TBT.
Concentrations of TBT were plotted as a function of time to establish
desorption kinetics.
Sediment and water concentration data used in the calculation of
apparent sorption coefficients, were presented earlier in a report by
Westbrook et al. (1986).

Results and Discussion
Sorption Coefficients on Sediments
The organic carbon content, clay size fraction and average
ambient salinity for each sediment is presented in Table 10.
Figure 15 shows an isotherm plot for TBTC1 on Carter Creek
sediment at 20°C.

Data from both sorption (solid circles) and

desorption open squares) experiments produced linear isotherms with
3
equal slopes of K=1.3 x 10 L/kg. Similar plots were used to generate
sorption and desorption coefficients for the other sediments and the
data for sorption and desorption are presented in Table 11.

A

desorption coefficient for Indian Field Creek sediment could not be
calculated due to low equilibrium water concentrations during the
desoprtion stage of the Indian Creek isotherm experiments.

The
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Figure 15.

Isotherm Plot for TBTC1 on Carter Creek Sediment
Equilibrated at 20°C.
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Table 11.

Sorption and Desorption Coefficients (L/kg) for TBT on Chesapeake Bay
Sediments.

K

sorption

R2

^desorption

Morris Creek

8.2 x 103

0.98

7.8 x 10

Carter Creek

1.3 x 103

0.97

1.3 x 103

Indian Field Creek

0.60 x 103

0.94

Chesapeake Bay Mouth

0.11 x 103

0.96

3*

-0.11 x 103

R2

K
oc

0.94

2.0 x 105

0.99

4.5 x 104

--

1.8 x 105

0.82

1.2 x 104

* 72 hour desorption

Ln
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desorption equilibration time for Morris Creek sediment was increased
to 72 hours without producing a significant difference between its
sorption and desorption coefficient.

This shows that a slower

desorption process is not changing final concentrations during time
periods of up to 3 days.
Published sorption coefficients for aqueous TBT on sediment or

2

particulate matter have ranged from 3.4 x 10

to 1.9 x 10

g

L/kg, but

3

the majority of values have been on the order of 10

L/kg (Maguire et

al., 1985; Valkirs et al., 1985, 1986; Randall and Weber, 1986; Harris
and Cleary, 1987; Stang and Seligman, 1987).

Sorption coefficients

3

determined here range from 0.1 x 10

L/kg for the sandy Bay Mouth

3

sediment

toahigh

of 8.2 x

Creek sediment. This

10L/kg

highrange

for thedetritus-rich

ofvalues shows

Morris

thatsorption

isotherm measurements should be made on local sediments for use in TBT
transport and fate models if accurate predictions are sought.

For

rough estimates of TBT sorption to estuarine sediments, this study
indicates a range of 10^ to 10^ L/kg could be used.
K

oc

was calculated to determine if TBT sorption coefficients

showed any correlation to organic content of the sediments.
equal to K

S

divided by C where

K

8

Kqc is

is the sorption coefficient for a

given sediment, C is the fraction of carbon in that sediment, and K
oc
is the resulting sorption coefficient normalized to carbon content.
The resulting Kqc values are reported in Table 11.

The large range of

4
5
K
values, 1.2 x 10 to 2.0 x 10 , shows that there is a poor
oc
correlation between organic matter content and sorptive capacity for
these sediments.

It is recommended

K

oc

not be used to predict TBT

sorption on sediments.
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Variation of Sorption Coefficients with Salinity
The observed dependence of TBT sorption coefficients on salinity
for sediments is apparent in Figure 16.

A sudden decrease in K occurs

between 0 and 5 °/oo for the freshwater sediments; this is followed by
a linear decrease in K over the range 5-35 °/oo, which occurs for all
sediments.

There is no evidence of a salting out effect, although the

sediments vary between 3 and 19% organic carbon.

Sorption variation

with salinity is similar to that found for Cadmium and Zinc on Rhine
sediments (Salomons and Forstner, 1984).

This salinity dependence

suggests that TBT species of unknown composition are possibly sorbed
as would be simple metal ions.
This salinity relationship is in apparent disagreement with
experiments relating to salinity effects on TBT sorption reported by
Randall and Weber (1986) and by Harris and Cleary (1987).

Both

reported salting out effects for TBT and were done at extremely low
sorbent to liquid mass ratios.

Much higher ratios, up to 33,000 ppm

were used here.
The salting out effect observed by Randall and Weber diminishes
with increasing particle concentration and may not be significant at
their high (1000 mg/kg) sorbent particle concentration.

Their

sorption measurements are used here to support hypothetical sorption
processes for TBT, but their factorial analysis failed to isolate the
effect of particle concentration from salinity and pH effects.

They

correctly asserted that TBT species in natural waters are unknown, but
follow this by explanation of results in terms of assumed knowledge of
the relative concentrations of TBTC1, TBTOH and TBT+ species.
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Figure 16.

Change in Sorption Coefficients With Increasing Salinity.
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Harris and Cleary (1987) worked at 60 ppm solids, observing a
hyperbolic increase in sorption of TBT on Tamar and Crouch Estuary
sediment with increasing salinity.

Changes in the salinity effect

over the estuarine range cannot be postulated from the work of Randall
and Weber (1986) because the authors only reported data for the
endpoints of the salinity range.

The strongly linear dependence of

TBT-sediment K value on salinity found here may arise from ion
exchange competition of sea water cations with sorbed TBT species, or
from changes in the nature of TBT species in solution due to formation
of chloro-complexes.
It is unfortunate that none of these authors measured adsorption
isotherms.

The results showing the effect of particle concentration

on sediment TBT uptake (see Figure 4, Harris and Cleary 1987),
indicate equilibrations may have been done in a non-linear portion of
the isotherm.

Randall and Weber (1986) provide data showing that

there is a decrease in K with increasing particulate concentration, in
agreement with Harris and Cleary.

The effect of particle

concentration on measured K may indicate that TBT species at high
particle concentrations are absorbed like metal ions on sediment
sorbent sites.

At low particle concentrations the sediment surface

sites become saturated, and hydrophobic multilayer sorption of TBT
occurs.

This would imply association between butyl groups of TBT on

sorbent sites and butyl groups of TBT in solution.

It is emphasized

that this mechanistic argument is speculative and the data to support
it are lacking.
Work reported here was done in synthetic seawater that does not
contain added organic compounds or complexing agents.

It is possible
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that differences between sorption salinity dependence noted in
synthetic seawater and in natural seawater may be considerable.
Natural seawater and estuarine water contain humic acids, fulvic acids
and dissolved organic compounds that may associate in an unknown
manner with TBT species in solution.

It thus appears that TBT

sorption may have a salinity dependence that is specific to the
particular estuary considered.

The results obtained here may be

specific to the systems studied.

The author feels that the salinity

dependence of TBT sorption on sediment should be determined for each
estuarine region.

It is, however, interesting that Belle Glade Soil

behaved similarly to Chesapeake Bay sediment in our experiments as
seen in Figure 15.

Desorption Kinetics
Desorption kinetics measured on Morris Creek and Carter Creek
sediments are shown in Figure 17.

Both curves have an initial rise in

which desorption was too fast to determine by the sorption measurement
method.

Concentrations reached at least sixty percent of equilibrium

values in less than thirty minutes.

This was followed by a slow,

approximately linear rise over several hours to equilibrium,
indicating that twenty-four hour equilibration times were sufficient
for isotherms.

Similar volumes, sediment-water ratios and mixing

energies were used in isotherms and kinetic measurements.

Differences

in kinetics for the two sediments are small and may not be
significant.
Karickhoff and Morris (1985), and Wu and Geschwend (1986) have
observed two step kinetics for sorption or desorption of hydrophobic
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Figure 17. Desorption Kinetics Measured on Morris Creek and Carter
Creek Sediments.
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organic compounds on sediments and soils.

Chen et al. (1973) measured

the kinetics of phosphate sorption on aluminum oxide and kaolinite,
finding a fast step followed by a slow first order sorption they
attribute to AlPO^ formation.

Benjamin and Leckie (1981) studied

sorption kinetics of metal ions of Sn, Zn, Cu and Pb on iron oxides
and found a rapid uptake attributed to adsorption, and a second slow
rate attributed to ion diffusion into the solid substrate.
These works have treated uptake of metal ions, anions, and
hydrophobic organic compounds whose range of sorption properties
should include the possible sorption behaviour of organotin species.
It is therefore no surprise that the desorption kinetics of TBT
observed here exhibit similar fast and slow steps. Sorption kinetics
cannot establish a unique reaction mechanism, without information at
the molecular scale.

The only recourse is to assume the sorption

mechanism and produce models that can be fitted to kinetic data.
Several authors have made assumptions which can be classified as
either chemical multisite sorption models (e.g. Cameron and Klute,
1977) or sorbate transport limited models (e.g. Rao et al., 1980, Wu
and Gschwend, 1986).

Such assumptions and models are not

mathematically distinguishable using sorption kinetics data.
Sorption kinetics results do not indicate structure of the TBT
sorbate species, since the kinetic sorption behavior of TBT is similar
to that of metals and nonpolar organics.

The similarity of TBT

kinetics on Morris Creek and Carter Creek sediments indicates that
small variations in organic content and clay content do not produce
large kinetic effects.
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Apparent Sorption Coefficients from Measured TBT Concentrations in the
Chesapeake Bay Estuarine System
Apparent sorption coefficients can be calculated from
measurements of TBT concentration in sediment and in the overlying
water.

The apparent sorption coefficient (Kflpp) is defined by:
t TBTl sed. _ K

[TBT] water

app

The apparent sorption coefficient is equal to the equilibrium
sorption coefficient in environmental situations where there is long
contact time between sediments and water.

Adequate mixing of the

water mass and circulation of the sediment interstitial water must
occur in the local area.

Replacement time for the overlying water by

advection and dispersion must be considerably greater than the
equilibration time at the sediment-water interface.

^app

closely

approach K only for relatively confined water masses with moderate
water circulation.
Apparent sorption coefficients for Sarah Creek, a tributary of
the York River, are given in Table 12.

Laboratory sorption

coefficients could not be measured on Sarah Creek sediments due to
their high initial TBT concentration, but the K

app

values are of the

a
same order as the laboratory measured value (1.3 x 10' L/kg) on nearby
Carter Creek sediment.

It appears that a near equilibrium situation

for TBT exists in Sarah Creek.

It is possible that the slightly

higher Kapp found at station B results from paint chips from the
nearby marina.
Apparent sorption coefficients were determined for Hampton Roads
locations shown in Figure 18.

Locations with restricted flow and high
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Table 12.

Station

Apparent Sorption Coefficients for Sarah Creek.

Water (ng/L)

Sediment (ug/kg)

K

app

(L/kg)

A

X=16.9 + 12.5
n = 90

43

2.5

x 103

B

X=21.9 + 11.6
n = 90

120

5.5

x 103

C

X=8.9 + 3.2
n = 84

23

2.6

x 193
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Figure 18.

Elizabeth River Sampling Locations for Water and Sediment
Used in the Calculation of Apparent Sorption Coefficients.
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vessel activity are stations 8-11 and stations 15-19.

Each location

was sampled twice, in July and September, 1986.
Resulting sediment and water TBT concentrations at each sampling
location and time are plotted in Figure 19.

Data from locations of

restricted flow and high vessel activity are indicated by open
circles, and from all other locations by solid dots.

The curves

represent linear isotherms with sorption coefficients given on the
figure.
Apparent sorption coefficients at sediment locations away from
3
vessel activity in confined waters are generally between 1 x 10 and 1
4
x 10 L/kg. Values one order of magnitude higher occur for twelve of
eighteen locations of known high vessel activity.

These exceptional

Kapp values are believed to be caused by the presence of paint chips
that contain TBT.

This conclusion cannot be proven without direct

observation of paint chips in the sediment.

Epifluorescence

microscopy techniques being developed for biofilm investigations by
Blair et al. (1987) might be used to show the presence of TBT paint
particles.
Laboratory equilibrium sorption coefficients were not measured
for TBT on Hampton Roads sediments, so the departure from equilibrium
at sample locations cannot be determined.

It can be assumed from

other sorption coefficients in the Chesapeake Bay region, that
3
equilibrium K values would lie between 1 x 10 and 1 x
4
10 L/kg. The apparent sorption coefficient values and variations
found here are in general agreement with those calculated from the
literature discussed below.
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Figure 19.

TBT Sediment Concentration Versus TBT Water Concentration
for the Elizabeth River.
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L/kg

L/kg

Maguire and Tkacz (1985) measured tributyltin concentrations in
the water and surface sediment of Toronto Harbor.

Apparent K values

3
4
calculated from their data are between 3.5 x 10 and 6.4 x 10 L/kg
for three stations.

They equilibrated TBT between Toronto Harbor

water and sediment, and obtained a partition (sorption) coefficient of
3
2.18jH).35 x 10 L/kg. They did not specify the location of this
sediment sample, so comparison with apparent K's calculated from field
data is not possible.
K

app

Two stations near vessel activity areas have

4
4
of 2.1 x 10 and 6.4 x 10 (L/kg).
e

This data set is small, but

supports the observation of a group of high K
Hampton Roads.

values found here in

Maguire et al. (1984) measured tributyltin in water

and sediment of the Detroit River, but K

app

values can be calculated

at only five locations because of analytical detection problems.
2
4
Values ranged from 3.3 x 10 to 1.9 x 10 L/kg but no conclusions can
be reached because of high variability of the small data set.

Maguire

et al. (1986) reported concentration of TBT in water and sediment at
265 scattered locations in Canadian waters, but only obtained
simultaneous water and sediment TBT concentrations at 13 locations.
Apparent K calculations are not made due to lack of geographical
information, low analytical sensitivity and the generally low TBT
concentrations in Canadian waters.
Apparent K ’s for TBT calculated by Valkirs et al. (1986) in the
Shelter Island Harbor and Commercial Basin of San Diego Bay were:
2844H-800 and 4450+901 L/kg respectively, but their analyses of TBT in
these sediments may have problems because of the hydride method used
(Valkirs et al., 1987).

The sources and collection methods for their

sediments are not specified.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter V
CONCLUSIONS

The analytical methodology presented in this work has been shown
to speciate and quantify butyltins down to low part per trillion
(ng/L) concentrations in natural water samples.

It is recommended

that Grignard derivatization be used for analyzing organotins because
it produces stable tetraalkyltins that can be analyzed by mass
spectrometry.

The flame photometric detector is an excellent tin

sensitive detector for organotin analysis but this detector is not tin
specific, it is tin selective and therefore some tin free molecules
may produce a response when in high enough concentrations.

Peak

identification should be considered tentative pending coelution with
authentic standards and/or mass spectral confirmation.

Due to the

complexity of some environmental samples it may be necessary to use
mass spectrometry for confirmation of compound identities.
The use of TBT antifouling paints has resulted in detectable
concentrations in TBT in most Chesapeake Bay water samples that were
analyzed.

Elevated concentrations are present in enclosed areas

having marina and boatyard operations.

These enclosed basins can have

TBT concentrations that have been shown to produce toxic effects on
some marine organisms.

Concentrations of TBT in environmental water

samples are quite variable both spatially and temporally, but
repeating spatial trends indicate that there are constant inputs from
70
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marinas and boatyards.

These inputs are probably supplemented by

desorption of TBT from contaminated bottom sediments.
High sorption coefficients of TBT on sediments show that
significant amounts of TBT must be associated with sediments in
coastal plain estuaries where TBT antifoulants are used.

The sorption

process is reversible, indicating that TBT contaminated sediments can
act as sources for TBT to overlying water.
with sediment type but range from 10
Chesapeake Bay sediments.

2

Sorption coefficients vary

4
to 10 L/kg for typical

Organic carbon content is not a good

predictor for TBT sorption on estuarine sediments.
Change in salinity over the range typically seen in an estuary
can decrease the sorption coefficient by a factor of two, but this
decrease is dependent on the particular sediment studied.

The TBT

sorption-desorption process is rapid, indicating that TBT sediment and
water concentrations will approach equilibrium in well mixed estuarine
environments.

Environmental data shows that water and bottom sediment

in some areas may approach equilibrium concentrations, but in areas of
high boat painting activity, sediment concentrations greatly exceed
apparent equilibrium levels possibly due to the. presence of paint
chips.
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THOUGHTS FOR FUTURE RESEARCH

The following ideas for future research toward better
understanding of

the factors which control the fate and transport of

TBT in estuaries:
1.

It is very important that the various species of TBT that
exist in aqueous solution be identified, and their relative
abundances determined.

Without this knowledge of these

dissolved TBT species and how they change under varying
environmental conditions (pH, temperature, and salinity) any
attempts to describe the mechanisms controlling sorption or
bioavailability in rivers, estuaries or oceans are purely
speculative.
2.

Further sorption experiments should be conducted to examine
the reasons for the various salinity effects that have been
reported in the literature.

Variation of the seawater salt

constituent concentrations and sorbent characteristics may
provide some insight into the mechanisms of these salinity
effects.
3.

Monitoring of environmental TBT concentrations should be
continued.

With the onset of legislation to control the use

of TBT antifouling paints the input of TBT into estuaries
should decrease.

If a resulting decrease in TBT painted

boats can be documented, monitoring of aqueous
72
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of TBT may show how important the desorption of TBT from
contaminated sediments is to maintaining high aqueous TBT
concentrations.

The effect of long term TBT release from

paint chips in sediment may be possible to observe locally.
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